Introduction
In the early 1980s two important discoveries revealed the beginning and end of a cascade of reactions that link the interaction of insulin with its receptor and the stimulation of the uptake of glucose into mammalian cells. First, Kasuga et al. [1, 2] discovered that the occupied insulin receptor is a tyrosine kinase leading to both tyrosine autophosphorylation of the receptor b -subunit and of cellular substrates. Second, Cushman and Wardzala [3] and Suzuki and Kono [4] discovered that glucose transporters are mainly resident in intracellular membrane vesicles in the absence of insulin and that insulin stimulation leads to an increase in the recruitment of these transporters to the plasma membrane. This translocation accounts for the increased rates of glucose transport into the stimulated cells. Details have emerged concerning both the beginning and end of the cascade and gradually the intermediate events in signalling and glucose transporter recruitment are being elucidated.
The success in identifying these intermediate steps has not been as rapid as that which has led to the elucidation of the intermediate signalling events involved in stimulation of cell growth and mitosis. In this cascade, a key switch in signalling occurs between tyrosine kinase activation and serine/threonine kinase activation. The switch occurs through the G-protein Ras which activates downstream Raf and mitogen activated protein (Map) kinases [5] [6] [7] [8] . Such a switch has not been demonstrated for the reactions leading to stimulation of glucose transport and, as we describe below, there is evidence that the Map kinase pathway is not involved in the activation process.
The divergence of mitotic stimulation and metabolic stimulation (via increased glucose transport) is clearly necessary in the insulin-target tissues of muscle and fat where there is a requirement that increased metabolic flux is acutely regulated over short timescales without a concomitant stimulation of cell growth and division. The extent to which these two signalling pathways diverge has also been difficult to dissect as studies of cell culture models and cell free systems have suggested that there is the potential for cross-talk between these two pathways. Such crosstalk may be less significant in cells that are specialised to perform discrete functions. Given the complexity of the possible interactions between signalling intermediates, the mapping of a direct cascade leading to increased glucose transport is at present incomplete. Therefore, this review describes some of the advances that have been made in the search for intermediates which lead to glucose transporter translocation and speculates on possible mechanisms and missing links that may be involved in the complete signalling pathway.
Insulin receptor mutants altering glucose transport
The cascades leading to stimulated glucose transport and activation of the Ras/Map kinase pathway ( Fig. 1 ) begin at the insulin receptor, an a 2b2 tetramer [9] . The a -subunit is located entirely at the extracellular face of the plasma membrane and contains the insulin binding site. The 
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From receptor to transporter: insulin signalling to glucose transport protein kinase activity in the intracellular domain. Insulin binding to the a -subunit leads to the phosphorylation of the b -subunit of the receptor on tyrosine residues [1, 2] . This autophosphorylation process is associated with increased tyrosine kinase activity toward intracellular substrates.
Surprisingly, occupation of the insulin receptor by insulin is not essential for insulin receptor signalling. Anti-insulin receptor antibodies can activate glucose transport. This probably occurs as the result of receptor crosslinking which leads to activated tyrosine kinase activity [10] . The tyrosine kinase activity is essential for subsequent signalling. Human insulin receptors mutated in the ATP-binding site of the tyrosine kinase domain (at lysine 1018) fail to mediate postreceptor effects of insulin in CHO cells [11, 12] and NIH 3T3 fibroblasts [13] . Mutation in this domain leads to both defective activation of the Ras/ Map kinase pathway and defective stimulation of glucose transport [12, 13] . The requirement for an active receptor tyrosine kinase as a prerequisite for GLUT4 translocation has also recently been demonstrated in a rat adipocyte transfection system. Overexpression of human insulin receptors raises basal levels of GLUT4 expression but receptors with a Met1153-Ile mutation (lacking tyrosine kinase activity) fail to mediate this enhanced basal translocation [14] .
The receptor C-terminal tyrosines 1316 and 1322 are not essential for signalling to glucose transport but may be important for activation of the Ras/Map kinase pathway; the insulin dose-response curve is shifted to the right by 5-10-fold [15] . C-terminally truncated mutants in which the C-terminal tyrosines are deleted show defective autophosphorylation and a 46 % reduction in internalisation but normal phosphorylation of intracellular substrates such as insulin-receptor substrate-1 (IRS1) and Shc (Fig. 1) . The dose-response curve for activation of glucose transport is variably altered [16] [17] [18] but the maximum insulin stimulation appears to be unaltered by C-terminal truncation [16] . Taken together these data suggest that in signalling to downstream processes, the C-terminal autophosphorylation of the insulin receptor may be less important than the tyrosine-kinase-mediated phosphorylation of intracellular substrates. Further evidence for a divergence of signalling at the level of the insulin receptor comes from studies of a Tyr960-Ala mutation in the juxtamembrane domain. This mutant shows severely impaired tyrosine phosphorylation of IRS1 and Shc but only moderately impaired activation of Ras [19, 12] . The downstream activation of glucose transport is lost suggesting that this process is more associated with IRS1 and Shc than with activation of Ras [12] . Insulin signalling pathways. Much of insulin signalling involves cascades of direct protein-protein interaction that is initiated at the level of the insulin receptor. The tyrosine kinase activity of the insulin receptor leads to the tyrosine phosphorylation of IRS1, IRS2 and Shc. The phosphotyrosine residues in these proteins ( ) interact via SH2 domains with adapter subunits of key signalling intermediates. These include Grb2-SOS, Syp and PI 3-kinase. The Grb2-SOS system leads to activation of the Map kinase pathway via Ras activation, the tyrosine phosphatase Syp modulates the Map kinase and possibly other effector pathways while the PI 3-kinase pathway leads to stimulation of glucose transport, glycogen synthesis and membrane ruffling 3. Tyrosine phosphorylation and dephosphorylation of insulin receptor substrates and their involvement in glucose transport stimulation IRS1, IRS2 and Shc are all phosphorylated in response to tyrosine phosphorylation by the insulin receptor ( Fig. 1) . cDNA cloning has revealed that IRS1 contains 22 potential tyrosine phosphorylation sites that serve as specific recognition sites for cellular substrates bearing SH2 domains [20, 21] . A pleckstrin homology (PH) domain is important for association of IRS1 with the insulin receptor [22] . IRS1 also contains a phosphotyrosine binding (PTB) domain which recognises the NPXY 960 sequence of the insulin receptor. Mutagenesis has suggested that this region is important for IRS1 phosphorylation and activation of glucose transport (Section 2). The recognition of IRS1 is dependent on the tyrosine phosphorylation of Tyr960 [23] .
Tyrosines 460, 608,939 and 987 in IRS1 are known to be bound strongly by the SH2 domains of the a -p85 subunit of PI 3-kinase. IRS1 is also phosphorylated by the insulin-like growth factor (IGF1) receptor tyrosine kinase activity [24] but is not phosphorylated in response to platelet derived growth factor (PDGF) or epidermal growth factor (EGF). The latter two growth factors do not acutely stimulate glucose transport in its target cells under normal physiological conditions but effects have been observed in cell systems over-expressing their receptors. Glucose transport activity in IRS1-knockout mice is increased in response to insulin but the maximal stimulation is reduced in comparison with control mice [25, 26] . A complicating factor in interpreting these data is the presence of IRS2 in the IRS1-knockout mice [27] . IRS2 can also couple to a -p85 and may replace the missing signalling intermediate. Whether IRS2 plays a major role in normal stimulation of glucose transport in fat and muscle has not yet been fully evaluated. In addition, it is possible that other phosphotyrosine substrates of the insulin receptor kinase activity are up-regulated to compensate for the decrease in IRS1 in these mice. Other evidence that IRS1 is utilised in initiating GLUT4 translocation has been obtained by antisense ablation of this molecule in rat adipocytes. The ablation results in a shift in the insulin dose response curve to the right (indicating a reduction in insulin sensitivity) but the maximal level of stimulation of transport activity is unaltered [28] . At present it is unclear whether IRS1 alone is responsible for downstream stimulation of glucose transport particularly as microinjection of anti-IRS1 antibodies, PTB domain constructs and NPX-phosphotyrosine peptides into 3T3-L1 adipocytes reduces IRS1 interaction with phosphatidylinositol (PI) 3-kinase but has no effect upon insulin-induced translocation of GLUT4. However, these materials inhibit other aspects of insulin action including effects on membrane ruffling and mitogenesis [29] .
Shc is also a tyrosine phosphorylated substrate of the insulin receptor. A PTB domain in Shc interacts with Tyr960 in the juxtamembrane region of the receptor [12] . Phosphorylated Shc binds to the SH2 domains of Grb2 and this coupling activates the Map kinase pathway following Grb2 /SOS interaction (Fig. 1) . As discussed above, Shc activation alone is insufficient to activate the Map kinase pathway as the Tyr960 mutation of the insulin receptor leads to normal Shc phosphorylation but impaired signalling through Ras/Map kinase. Since the Ras/ Map kinase pathway does not appear to be involved in glucose transport stimulation (see Section 6 b), it seems unlikely that Shc is involved either. However, it cannot be ruled out that phosphorylated Shc may couple to pathways other than the Map kinase pathway and that these do lead to glucose transport stimulation.
Syp (SH-PTP2) binds to IRS1 through SH2 domains and this leads to increases in its tyrosine phosphatase activity [ [41] demonstrated that insulin treatment increases PI 3-kinase activity in phosphotyrosine immunoprecipitates. Insulin, at concentrations as low as 0.3 nmol/l, stimulates the accumulation of PI 3,4,5-trisphosphate by about 10 times basal levels within 5 min. Therefore, these effects occur at physiological concentrations of insulin and within the known timescale of insulin action on glucose transport and its cellular metabolism. Initially this increased activity was considered to be due to the tyrosine-phosphorylation of PI 3-kinase or the association of PI 3-kinase with the tyrosine-phosphorylated insulin receptor. The Cterminal tail of the insulin receptor including the phosphotyrosine motif Y 1132 THM can bind PI 3-kinase [42] . However, only a small (1-3 %) amount of the PI 3-kinase activity which can be precipitated with anti-phosphotyrosine antibody is co-precipitatable with anti-insulin receptor antibodies [43] . Instead, tyrosine-phosphorylation of YMXM motifs in IRS1 with subsequent binding and activation of a -p85 has been demonstrated to provide a means of coupling the insulin receptor tyrosine kinase activity with the activation of intracellular PI 3-kinase activity [30, 44, 45] .
To explore the role of PI 3-kinase activity in insulin action a strategy has been developed to disrupt complex formation between PI 3-kinase and IRS1 (or possibly other tyrosine phosphorylated substrates of the receptor that could couple to the heterodimeric form of PI 3-kinase). Hara et al. [46, 47] developed a mutant D p85 which lacks a binding site for the catalytic p110 subunit [48] . This construct has been stably introduced into CHO cells overexpressing the insulin receptor. In this cell line, although activation of insulin receptor kinase and tyrosine-phosphorylation of IRS1 are unaffected, the insulin-induced increase in PI 3-kinase activity immunoprecipitated with antiphosphotyrosine is greatly attenuated. Furthermore in this cell line, insulin stimulation of glucose uptake is markedly impaired, in contrast to the insulin-stimulation of Ras activation which is not. These results were the first to suggest that the a -p85 coupled PI 3-kinase is required for insulin-dependent glucose uptake [46, 47] . Subsequently it has been demonstrated that microinjected D p85 inhibits the translocation of GLUT4 in 3T3-L1 cells as assessed using a plasma membrane lawn assay in which GLUT4 is immunologically detected [49] . Recently, the same result has been confirmed following introduction of D p85 into 3T3-L1 cells using an adenovirus vector (Sakaue et al., manuscript in preparation). The D p85 inhibits the production of PI 3,4,5 trisphosphate [47] suggesting that this lipid may be a downstream mediator of these effects on glucose transport. Other PI 3-kinases with different specificities have now been discovered. These include a trimeric G-protein-sensitive PI 3-kinase and a PI 3-kinase in which PI is the preferred substrate and which produces PI 3-phosphate instead of PI 3,4,5 trisphosphate [50, 51]. Since these PI 3-kinases do not couple to a regulatory p85 subunit they are unlikely to be important in the acute insulin activation of glucose transport but they may be involved in other aspects of glucose transporter recycling (Section 6 c).
An alternative approach, that also implicates PI 3-kinase as a signalling intermediate which is critical for the insulin-mediated stimulation of glucose transport, has involved the use of inhibitors of the catalytic activity of the kinase. These include the fungal metabolite, wortmannin and the benzopyran-4-one compound, LY294 002. Okada et al.
[52] first demonstrated that wortmannin inhibits insulin action on glucose transport in rat adipocytes. A strong correlation has been shown between the ability of wortmannin to inhibit PI 3-kinase and insulin-stimulated GLUT1 and GLUT4 translocation in 3T3-L1 cells. Both PI 3-kinase and glucose transporter translocation are inhibited by wortmannin in the nanomolar concentration range (IC 50 ≈ 5 nmol/l) in 3T3-L1 cells [53] . Similar results have been found using LY294 002 [54] . Wortmannin also inhibits both PI 3-kinase activity and GLUT4 translocation in transfected CHO cells [55] . A disadvantage of the use of PI 3-kinase inhibitors such as wortmannin is that this approach does not discriminate between the different mammalian isoforms of PI 3-kinase which are all inhibited by wortmannin.
More recently the p110 catalytic subunit of PI 3-kinase has been transiently transfected in rat adipocytes [56] and 3T3-L1 cells [57] where overexpression leads to increases in basal levels of GLUT1 and GLUT4 at the cell surface by 4-6-fold. These results confirm the importance of PI 3-kinase isoforms in glucose transporter translocation but since the effects observed are on basal transport, more information is required to establish the way in which insulin acutely activates this process.
Role of PI 3-kinase in trafficking kinetics
a. General effects of PI 3-kinase on membranes and membrane trafficking. The discovery that PI 3-kinase is involved in insulin signalling to glucose transport stimulation has occurred at a time when there has been an accumulating body of evidence that the PI 3-kinase family of proteins is involved in a wide range of membrane trafficking processes. The pinocytic activity, membrane ruffling and actin reorganisation response observed when KB cells are exposed to insulin has been shown to be due to PI 3-kinase activation [58] . PI 3-kinases have been implicated as key intermediates in the secretory process occurring in platelets, basophil and neutrophil cells [59, 60] .
This enzyme therefore appears to act at a point of convergence of signalling and trafficking pathways. The general effects of PI 3-kinase on membrane trafficking may provide clues as to the mechanism of action of this enzyme in insulin-stimulated glucose transport. However, a major difference between the majority of the PI 3-kinase dependent membrane processes that have recently been described and the glucose stimulation effect is the magnitude of the response. These differences may be dependent on the type of PI 3-kinase involved in each of these processes and the insulin-stimulated PI 3-kinase responsible for the 10-fold increases in glucose transport may involve a highly regulated form of PI 3-kinase.
One of the first indications as to where PI 3-kinases are involved in membrane trafficking processes came from work on the yeast vps34 enzyme. Lack of this enzyme in yeast results in the accumulation of vacuolar hydrolases in prelysosomal and secretory compartments [61, 62] . Wortmannin has been used to show similar PI 3-kinase dependent effects in mammalian cells. In cultured mammalian cells treated with wortmannin lysosomal hydrolases are secreted and the associated cation-independent mannose 6-phosphate receptor (M6PR) and integral membrane glycoproteins such as lpg120 accumulate in prelysosomal compartments [63, 64] . In the wortmannin-treated cells both the M6PR and lpg120 markers are associated with swollen compartments that appear to be vacuolar. However, the swollen M6PR and lpg120 compartments are distinct; this suggests that there are multiple sites in prelysosomal sorting where PI 3-kinase is necessary [64] . Normally the M6PR receptor would recycle from sorting endosomes to the trans-Golgi network and so its failure to enter this route suggests that PI 3-kinase is necessary for the exit from the sorting endosomes into a recycling or exocytosis pathway.
The failure of recycling proteins to exit from prelysosomal and recycling endosome compartments contrasts with the lack of effect of wortmannin on entry into the endosome system. Several studies report that wortmannin does not alter the initial endocytosis steps (from the plasma membrane) of transferrin [65] or PDGF receptors [66] .
b. Specific involvement of PI 3-kinase in GLUT4 exocytosis. Photoaffinity tagged GLUT4 has been shown to be continuously recycled both in the presence and absence of insulin. Kinetic studies using a bis-mannose photolabel have suggested that insulin's major effect on GLUT4 trafficking is to stimulate, by 8-10-fold, the exocytosis limb of the recycling pathway and a small (30-50 %) inhibition of endocytosis [67] [68] [69] [70] [71] . The large (10-fold) effects of insulin on GLUT4 translocation are unusual. Insulin also stimulates the translocation of GLUT1 [67] and transferrin receptors [72] in 3T3-L1 cells by increasing exocytosis by only approximately 2-3-fold. It seems that GLUT4 -may respond more acutely because it is partially sequestered into a separate vesicular system and away from the constitutively recycling endosome pool that is considered to be responsible for trafficking of GLUT1 and transferrin receptors [73] . Wortmannin has been found to completely inhibit the insulin-stimulated exocytosis of both GLUT1 and GLUT4 and interestingly also reduced recycling in basal cells [69] . In no case following wortmannin treatment was there any marked alteration in the initial step in endocytosis. These data are consistent with those observed for wortmannin effects on the recycling of other membrane proteins described in the previous section and a generalisation that could be made is that PI 3-kinase is involved in facilitating the exit from (but not the entry into) recycling endosomes. PI 3-kinase activation may enhance exocytosis by increasing the budding of GLUT4 from an intracellularly located tubulo-vesicular system or facilitate the movement or docking of vesicles with the plasma membrane (Fig. 2) .
Many of the components involved in vesicle trafficking and docking and fusion are now known. However, the details of the sequence of their participation and the mechanisms by which these processes are regulated are still being debated. It is clear, however, that the NSF (N-ethylmaleimide Sensitive Fusion) protein is central to the whole process and that it interacts with SNAP (Soluble NSF Attachment Proteins) and consequently with SNAP receptors or SNAREs (Fig. 2) . Cain et al. [74] made the important observation that vesicle-or v-SNAREs of the synaptobrevin family are present in GLUT4 vesicles. These include synaptobrevin-2 and cellubrevin but not synaptobrevin-1 [75] . Timmers et al. [75] have also found that these GLUT4 v-SNAREs form a complex with recombinant NSF and a -SNAP and that syntaxin-4, present in the plasma membrane of rat adipocytes, can also be detected in this complex. Synaxin-4 and syntaxin-2, but not syntaxins 1 a, 1 b or 3, can also be detected in plasma membranes from rat adipocytes but, of these, only syntaxin-4 can be detected in the NSF complex. Insulin increases the amounts of GLUT4 vesicle synaptobrevin-2 and cellubrevin in the complex. This is partly due to higher levels of these v-SNAREs that are translocated to the plasma membrane from the GLUT4 vesicles but it is also partly due to an increased induction of complex formation. The mechanism by which insulin influences the formation of the fusion complex and how this process is related to upstream kinases and G-proteins has yet to be established. Insulin may remove a fusion clamp that in the basal state blocks the syntaxin-4 participation in fusion. Alternatively, insulin signalling may lead to an enhancement of vesicle v-SNARE participation in complex formation, possibly via the activation of Rab proteins ( Fig. 2 and Section 6 c).
c. Subcellular localisation of GLUT4 and PI 3-kinase.
Immunocytochemistry has been used to try to identify both the trafficking pathway of GLUT4 and the site of PI 3-kinase involvement. Quantitative immunogold analysis on brown adipose tissue has shown GLUT4 localised in many subcellular compartments including early and recycling endosomes but the basal GLUT4 compartment appears to be distinct [76] . Colocalisation studies carried out in white and brown adipose cells using confocal microscopy suggest that GLUT4 does not co-localise with transferrin receptors or M6PR compartments but does co-localise with VAMP2 in basal cells [77] . Similarly, endosome ablation in 3T3-L1 cells eliminates the transferrin and VAMP3 (cellubrevin) compartments but only partially ablates the VAMP2 and GLUT4 compartments [78] . The effect of wortmannin on GLUT4 immunolocalisation is different depending on whether basal or insulin-stimulated trafficking are perturbed. Wortmannin addition to basal cells traps the GLUT4 in the basal compartment; an inhibition of exit. Wortmannin addition after insulin treatment traps the GLUT4 in a compartment that is associated with vacuoles and in which it co-localises with transferrin receptors, VAMP2 and VAMP3 but not with M6PR or lgp120. It appears that the proteins destined for exit from endosomes accumulate in several subcompartments of the prelysosomal/endosomal system implying that PI 3-kinase is not involved in the sorting steps that separate proteins destined for lysosomes from those destined for return to the plasma membrane. Furthermore, since wortmannin has at least two sites of action on GLUT4 recycling, exit from the basal compartment and exit from the transferrinreceptor/endosome-recycling compartment and has separate cellular sites of action on the M6PR and lgp120 compartments its action may appear to be non-specific. However, the effects it produces are similar in each of the locations suggesting a common mechanism of action at many distinct sites within cell membrane recycling systems.
The common mechanism of PI 3-kinase action is at present unclear and its apparent requirement for exit from a subcellular compartment could imply either an involvement in budding from this donor compartment or heterotypic fusion with the acceptor compartment. Although methods for studying in vesicle budding in a cell-free system are not currently available or being studied in the context of examining PI 3-kinase action, there are several examples of studies leading to evidence that this enzyme is required for membrane fusion (Section 6 c).
IRS1 associated PI 3-kinase is mainly associated with intracellular low density microsomes isolated from rat adipocytes [79] and 3T3-L1 cells [69] . Interestingly, Kublaoui et al. [80] have shown that there is a strong correlation between insulin action and the endocytosis of autophosphorylated insulin receptor suggesting the possibility of an intracellular membrane site of coupling to IRS1. The intracellular membrane localisation of PI 3-kinase and the evidence that it may catalyse GLUT4 vesicle exocytosis suggest that it may act quite directly in the trafficking Fig. 2 . Regulation of GLUT4 vesicle exocytosis by PI 3-kinase. PI 3-kinase is involved in the subcellular trafficking of membrane proteins at many intracellular locations. It may function to catalyse vesicle fusion in a process that is upstream of Rab proteins which are known to be essential for fusion reactions that facilitate exocytosis. These G-protein mediators may in turn control the assembly of the NSF (N-ethylmaleimide-Sensitive-Fusion) protein and the associated SNAP (Soluble NSF Attachment Protein) and v-and t-SNAREs (SNAP receptors). The v-SNAREs synaptobrevin 2 and cellubrevin are known to be associated with GLUT4 vesicles and these proteins have been demonstrated to form a complex with NSF, SNAP and the t-SNARE, syntaxin 4 of the plasma membrane of insulinstimulated adipose cells. Some evidence suggests that Rab proteins and PI 3-kinase are associated with GLUT4 vesicles but this remains to be more clearly established. Alternatively, PI 3-kinase may act at a vesicle fission step and this could also facilitate exocytosis. This step may also involve small G-proteins, but of the Arf type. These proteins may promote vesicle coat assembly, this being a prerequisite for the fission reaction of GLUT4. Therefore, some further definition of the site of action of PI 3-kinase in the GLUT4 recycling pathway may help define more precisely how it mediates its stimulation. However, attempts to define more precisely the localisation have so far only led to conflicting results. Observations that PDGF [81, 82] and YMXM peptides [83] stimulate the total cellular PI 3-kinase but not the glucose transport activities in 3T3-L1 cells are best explained by invoking a specific insulin-dependent targeting of PI 3-kinase to an intracellular site which is associated with the lowdensity microsome fraction of cells. The specific targeting could be mediated by IRS1 or a similar molecule [69] while PDGF may activate and localise PI 3-kinase to the plasma membrane [84] . Del Vechio and Pilch [85] have reported that GLUT4 vesicles isolated from rat adipocytes contain PI 4-kinase but no PI 3-kinase. However, Heller-Harrison et al. [86] have reported that GLUT4 vesicles isolated from 3T3-L1 cells contain PI 3-kinase that is precipitatable by an IRS1 antibody. However, we find that any PI 3-kinase that may be associated with GLUT4 vesicles must be a very small (less than 2 %) fraction of the total cellular PI 3-kinase (Holman et al., unpublished data).
Possible downstream processes
a. PIP3 and PIP3-binding proteins. PI 3-kinase has serine/threonine kinase activity [87, 88] . This is probably used to regulate the interaction between the p85 and p110 subunits of the enzyme following autophosphorylation of the p85 by the enzyme activity of the p110 subunits. The physiologically important product of the action of the PI 3-kinase is thought to be PIP3. The PIP3 may interact with downstream signalling molecules and thereby transmit downstream the PI 3-kinase-dependent signalling processes, particularly since PIP3 is not a substrate for known phospholipases. There is evidence that PIP3 can interact with protein kinase B (PKB) [89] and with several protein kinase C (PKC) isoforms [90, 91] . There is a parallel translocation of PI 3-kinase and some of the PKC isoforms to the plasma membrane in response to insulin [92, 93] . These serine/threonine kinases may have a role in glucose transport regulation (Section 6 b). In addition, other PIP3 receptor proteins have been identified that are implicated in vesicle trafficking processes. These include vesicle associated synaptotagmin, which has calcium and lipid binding domains [94] . GTPase activating proteins that control the GTPase activity of Arf and Arf-like-proteins (Arls) have been isolated from rat brain and shown to be activated by acidic phospholipids [95] . More recently centaurin-a, a PIP3 binding protein, has been isolated and cloned from rat brain. Sequence analysis of this protein reveals that it has some homology with Arf-GAP [96] . Potentially, Rab-GAP proteins may be found that also interact with PIP3.
Several PIP3 binding proteins have been isolated from rat and pig brain cytosol that differ in apparent molecular size and are therefore unrelated or only distantly related to centaurin-a [97, 98] . Presumably the many downstream events mediated by PI 3-kinases are each catalysed by many separate PIP3 binding proteins and therefore identifying the unique PIP3 receptor involved in regulating glucose transport may be a formidable task.
b. Serine and threonine kinases. Serine and threonine kinase action has been implicated in stimulation of glucose transport mainly because of the action of pharmacological reagents on this process. Among the list of reagents, okadaic acid (a protein phosphatase 1 and 2 a inhibitor) and the PKC inhibitors polymyxin B, staurosporin have been studied most extensively. In most cases it has been unresolved where in the signalling cascade the protein kinase modifiers exert their effects. An effect of okadaic acid on the serine phosphorylation of IRS1 has been suggested leading to an inhibitory effect [99] while a direct stimulatory effect on translocation correlating with the phosphorylation of serine 488 of GLUT4 has been observed [100] .
Phorbol-esters which stimulate PKC also lead to stimulations of glucose transport activity [101, 102] . However, these effects are small in comparison with those produced by insulin [103, 104] . The effects appear to be due to 2-3-fold elevations in both GLUT4 and GLUT1 at the cell surface of rat adipose cells [103] and 3T3-L1 cells [104] while insulin produces 10-20-fold elevations of cell surface GLUT4. The effect may be due to stimulation of recruitment from a endosome pool that is common to GLUT1 and GLUT4 but is separate from the specialised pool from which insulin action is able to recruit GLUT4. PKC inhibitory agents such as polymixin B [105] and staurosporin [106] can completely inhibit insulinstimulated glucose transport but high concentrations of these reagents are required and the specificity of the action of these compounds at these concentrations is unknown. Although the involvement of PKC isoforms in the stimulatory effects of insulin seems unlikely, alterations in insulin receptor tyrosine kinase activity mediated by PKC activity in response to elevations in cellular glucose may be an important feedback control of the signalling pathway [107] .
The serine/threonine kinases which are downstream of Ras, those of the Map kinase pathway, are unlikely to be involved in mediating the stimulatory effect of insulin on glucose transport. EGF and PDGF are able to mimic insulin's stimulatory effect on Map kinase phosphorylation but do not mimic the stimulation of glucose transport [108, 109] . Birnbaum's group have convincingly shown that the activation of the serine kinase Raf (which is downstream of Ras and initiates the Map kinase cascade) does not lead to glucose transport stimulation. Expression of a constituitively active form of Raf in 3T3-L1 cells led to an increase in GLUT1 transcription but did not lead to the translocation of GLUT4 [110] .
It has recently been found that PKB is downstream of PI 3-kinase and inhibitable by wortmannin [111] and activatable by insulin [112] . Insulin activation of this kinase does not appear to be dependent upon its PH domain but is primarily due to its phosphorylation [113] . Insulin activation of glycogen synthesis involves direct phosphorylation by PKB of glycogen synthase kinase 3 (GSK3) and this occurs downstream of a wortmannin sensitive PI 3-kinase [114] . At present it is unclear whether PKB is so directly involved in regulating glucose transport. In 3T3-L1 cells expressing constitutively active PKB, glucose transport activity is elevated [115] . However, it remains to be established whether an inhibition of PKB blocks insulin stimulation of glucose transport. Activation of p70 S6 kinase appears to involve a divergent pathway from that leading to glucose transport stimulation. This pathway is wortmannin sensitive but is also rapomycin inhibitable, whereas rapomycin has no inhibitory effect on the pathway leading to insulin stimulation of glucose transport [116] .
c. G-proteins. In 3T3-L1 cells that have been treated with wortmannin GTP-g-S is able to produce a stimulation of glucose transport. The effect is smaller than that produced in the absence of the PI 3-kinase inhibitor but this result suggests that G-proteins may be downstream targets of PI 3-kinase in the cascade of intermediates leading to glucose transporter translocation to the plasma membrane [53] . This type of experiment does not distinguish between an involvement of trimeric G-proteins and those of the Ras/ Rab/Arf superfamily of small ( ≈ 20 kDa) G-proteins. Indeed, although the small G-protein family seem more likely targets of PI 3-kinase signalling, the trimeric G-protein G a i is strongly implicated in the regulation of glucose transporter translocation since a knock-out of this protein in transgenic mice completely blocks the insulin stimulation of GLUT4 translocation [117] . These authors conclude that Ga i is an early signalling intermediate above the level of IRS1 phosphorylation. However, when rat adipose cells are treated with insulin and then isoproterenol, which activates Ga i , they have an attenuated stimulation of glucose transport activity compared with insulin alone. It has been postulated that this effect occurs at a Ga i -dependent GLUT4 vesicle fusion step, a late effect in the cascade linking insulin and glucose transport [118] . Further experiments will presumably clarify the level (or levels) at which Ga i acts. The GTPase dynamin is important for vesicle budding processes.
Interestingly, dynamin in a complex with Grb2, can be immunoprecipitated with IRS1 in insulin-treated CHO-IR cells [119] . This observation may be significant as it is an additional point of convergence of signalling and trafficking processes. The relationship of this coupling to insulin-stimulated glucose transport has yet to be investigated.
The small G-protein Ras appears not to be involved in normal insulin signalling to glucose transport as the dominant-negative Ras [120] or Ras neutralising antibodies [121] do not inhibit glucose transport under conditions where the activation of the Map kinase cascade is blocked. There are now examples of small G-proteins acting downstream of PI 3-kinase in signalling cascades. Rac has been shown to be involved in the membrane ruffling process that is downstream of PI 3-kinase. Modulation of GTP exchange on Rac is postulated to be the means by which its activity is regulated [122] . Insulin stimulated membrane ruffling is inhibited by the D -p85 construct [123] and by dominant negative Rac (Kotani et al., unpublished observations). However, Rac does not appear to be involved in the stimulation of glucose transport in 3T3-L1 cells as the introduction of a dominant negative construct of Rac does not significantly inhibit insulin action on this process ( [124] and Kotani et al., unpublished observations).
Attractive alternative candidates as the downstream G-proteins in insulin action are the Rab proteins. Although the suggestion that Rab4 is present on GLUT4 vesicles [125] has been disputed, it is clear that perhaps unidentified small G-proteins of this family are present [126] . The nucleotide exchange on Rab proteins may be altered by dissociation from GDI; there are two isoforms of GDI which differ in their distribution among subcellular fractions of 3T3-L1 cells [127] . A dependence of Rab proteins on PI 3-kinase activity has been suggested from studies of other trafficking proteins. The wortmannin inhibited exit of recycling from prelysosomal compartments is known to depend on Rab 9 [128] . Similarly, in a cell-free endosome fusion assay system addition of constitutively active Rab5 overcame the wortmannin inhibitory effect on fusion [129] .
Arf proteins are also implicated in membrane trafficking. They regulate the binding of vesicle coat proteins and adaptins [73] and interestingly their addition (together with phospholipase D and the phosphatidylinositol transfer protein, PITP) to permeabilised cell systems results in restoration of vesicle secretory processes [130] . Their function has been mainly studied in relation to movement between Golgi compartments but more recently a role in endosome fusion [131] and recycling from endosomes to the plasma membrane [132] have been reported. Indeed, an insulin-stimulated translocation of an Arf isoform to the plasma membrane of adipose cells has been reported [133] . Most of the Arf isoforms are distributed to intracellular membrane compartments but Arf 6 is present in (but apparently confined to) the plasma membrane of CHO cells [134] . No specific association of Arf proteins with glucose transporter translocation has been demonstrated but investigation of this possibility is warranted, particularly in view of the observation that the PI 3-kinase product PIP3 binds to centaurin-a, an Arf-GAP like protein.
Conclusions
The characterisation of PI 3-kinase as a mediator of insulin signalling to glucose transport has been a major advance -it acts as a point of convergence of signalling and membrane trafficking processes. The link between PI 3-kinase and additional molecules that have been suggested as facilitating the complex process of vesicle trafficking is incomplete at present but progress in identifying these links is currently very rapid. As discussed in this review, there is evidence that the PI 3-kinase family of proteins are necessary for many trafficking processes within cells. Additional experimentation is therefore also likely to centre around the questions concerning the specificity of PI 3-kinase effects on glucose transporter translocation. Do specific IRS molecules, PI 3-kinases, phosphatidyinositol binding proteins, serine/threonine kinases and/or Gproteins produce the required specificity?
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